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Abstract
A high-voltage divider with accuracy at the ppm level and collinear laser spectroscopy were used to calibrate the high-
voltage installation at the radioactive ion beam facility ISOLDE at CERN. The accurate knowledge of this voltage is
particularly important for collinear laser spectroscopy measurements. Beam velocity measurements using frequency-
comb based collinear laser spectroscopy agree with the new calibration. Applying this, one obtains consistent results
for isotope shifts of stable magnesium isotopes measured using collinear spectroscopy and laser spectroscopy on
laser-cooled ions in a trap. The long-term stability and the transient behavior during recovery from a voltage dropout
were investigated for the different power supplies currently applied at ISOLDE.
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1. Introduction
The accurate determination of high voltages is cru-
cial for a variety of atomic, nuclear and particle physics
experiments. Examples are the acceleration voltage of
ion beams for collinear laser spectroscopy [1], the en-
ergy of electrons in an electron cooler applied at storage
rings to narrow the momentum distribution of the circu-
lating ion beam [2, 3], or the voltage applied in a retar-
dation spectrometer to determine the kinetic energy of
electrons emitted in β−decay [4, 5]. Fast-beam exper-
iments often require precise knowledge of the kinetic
energy or the velocity of the beam particles, especially
if resonance processes are investigated. On the other
hand, such resonance processes can be used to measure
the ion beam velocity. In this case, sharp resonances
are preferred since the linewidth is one of the limiting
factors for the accuracy that can be achieved. Collinear
laser spectroscopy (CLS) on fast ion or atomic beams
is a particularly clear example for both cases. In the
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past, it has been used extensively for studying nuclear
ground state properties of short-lived radioactive iso-
topes [7, 8, 9, 10, 11]. CLS utilizes the Doppler shift
of the frequency of a light wave in the moving frame of
an accelerated ion. Hence, a fixed-frequency laser can
be brought into resonance and tuned across the transi-
tion frequency of the ion by changing the ion velocity.
To extract information on isotope shifts and hyperfine
splittings, accurate knowledge of this velocity, i.e. of
the ion beam energy, is required. Typically, voltages of
30-60 kV are applied to the ion source. For most inves-
tigations of medium-mass and heavy nuclei, it is suffi-
cient to know the voltage applied to the ion source and
the potentials at secondary acceleration or deceleration
stages with a relative accuracy of the order 10−4. This
is the level for which high-voltage dividers are commer-
cially available. However, as it will be discussed in the
first section of this paper, this accuracy is by far not
sufficient for measurements on the very light elements
reaching from hydrogen to roughly neon.
If the frequency of an atomic resonance is well
known, CLS can be used (in reverse) to determine the
ion velocity, hence, the kinetic energy and the voltage
applied to the source. This has already been suggested
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by Poulsen in 1982 [12, 13]. The latest development
along these lines was a test apparatus for measurements
of high voltages up to a few 100 kV, to determine and
calibrate the voltage of the electron cooler at the GSI
experimental storage ring ESR [14]. The layout of the
prototype allowed measurements up to 50 kV and the
3d3/2,5/2 → 4p3/2 transitions in calcium ions were used
for probing the ion velocity. It was demonstrated that
accuracies in the order of 10−4 can be reached and sug-
gestions for further improvement were made.
In this paper, we report on the calibration of the high-
voltage dividers used at ISOLDE/CERN to measure
the potential applied to the high-voltage platforms on
which the ion sources are mounted. There are two in-
dependent units, HT1 and HT2, that can alternatively
be used to provide and to measure acceleration volt-
ages up to 60 kV. The calibration was performed using
a non-commercial high-precision high-voltage divider
with accuracy in the ppm range [6], and collinear laser
spectroscopy on beryllium ions. Both approaches gave
consistent results and the calibration resolved problems
in the earlier analysis of isotope shift measurements on
stable and radioactive magnesium isotopes. These prob-
lems could be traced back to differences in the mea-
sured voltages of HT1 and HT2, which in CLS translate
into different Doppler shifts of the resonance frequency.
We will start with a short summary of the principles of
CLS and their implications for isotope shift measure-
ments, and we will describe test measurements of abso-
lute Doppler shifts to determine the ion velocity. Then,
a concise description of the high-accuracy high-voltage
divider will be given and the results of two calibration
campaigns are discussed in results of the long-term as
well as the transient behavior of the high-voltage sup-
plies.
2. Collinear Laser Spectroscopy
CLS was proposed by Kaufman [1] and was rapidly
developed into a useful tool, namely for the spec-
troscopy of short-lived radioactive isotopes. Its first on-
line installation was realized at a nuclear research reac-
tor [15] and soon thereafter the COLLAPS (collinear
laser spectroscopy) beamline at the radioactive ion
beam facility ISOLDE was built [16]. Followed by sim-
ilar and more advanced experiments (see, e.g. [17, 18,
19, 20, 21]) collinear laser spectroscopy developed into
a general technique for on-line investigations of spins,
electromagnetic moments and nuclear charge radii of
short-lived isotopes. It was continuously improved and
combined with different detection techniques and, thus,
became increasingly sensitive and accurate. The lat-
est steps in these developments where the combina-
tion of CLS with an RFQ cooler and buncher [22] and
frequency-comb-based collinear spectroscopy [23, 24].
The scheme of our setup for CLS on an ion beam
is shown in Fig. 1. An ion beam at a usual beam en-
ergy of 30-60 keV is superimposed with a laser beam
in the collinear or anticollinear direction using an elec-
trostatic deflector. In the figure the special layout for
simultaneous collinear and anticollinear measurements
with two laser systems is depicted, whereas in standard
CLS only a single system is applied. Photons are col-
lected in the fluorescence detection region (FDR) and
detected by photomultiplier tubes or other devices ca-
pable of single-photon counting. Usually, the ions are
accelerated or decelerated into this region, to prevent in-
teraction with the laser light before they reach the FDR.
Otherwise, multiple excitation will in most cases lead to
optical pumping into dark states and hence diminish the
detection sensitivity. Moreover, for two-level systems
a long interaction region could also lead to changes in
the ion velocity and therefore to undesired shifts in the
observed resonance frequency.
Acceleration of the ions leaving the hot ion source re-
gion has two important consequences for CLS: First, it
leads to a strong compression of the momentum distri-
bution in the longitudinal phase space [1]. The Doppler
width ∆νD of an atomic transition with frequency ν0 is
normally caused by the thermal distribution of kinetic
energies E = mυ2/2 of the atoms. For an ion beam
the width of the energy distribution δE is determined
by properties of the ion source e.g., the potential distri-
bution inside the source and the ionization process. By
acceleration in an electrostatic field the energy spread
∆E = m υ ∆υ (1)
remains constant. Consequently, if the velocity υ in-
creases, the velocity spread δυ has to decrease accord-
ingly. By this effect, at energies of a few 10 keV, the
Doppler width in the beam direction
∆νD = ν0 ∆υ/c (2)
is expected to be reduced to the order of the natural
linewidth of a typical allowed dipole transition. With
υ =
√
2eU/m given by the acceleration voltage U one
obtains
∆νD = ν0
∆E
√
2eUmc2
. (3)
The ion source conditions also influence the total en-
ergy of the accelerated beam. This has important con-
sequences for high-voltage measurements and the ac-
curacy in CLS: The potential applied externally to the
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source is not necessarily identical with the potential at
which ions are created. Three ion sources are typically
used at ISOLDE: surface ion sources, the resonant ion-
ization laser ion source (RILIS) and plasma ion sources.
While for the former ones the uncertainty of the start
potential of the ions is less than 3 V, in the plasma ion
sources it can be an order of magnitude larger. Hence,
high-voltage measurements more accurate than about
20 ppm are inappropriate and will not help to obtain
higher accuracy. All measurements reported here were
performed with ions from RILIS.
The second consequence of acceleration is a large
Doppler shift of the atomic transition frequency accord-
ing to
νc = ν0γ (1 ± β) (4)
in the case of collinear excitation and anticollinear ex-
citation, respectively. Here, γ =
√
1 − β2 is the rela-
tivistic time dilatation factor and β = υ/c is the ion
velocity in units of the speed of light. The standard
procedure in CLS is as follows: The laser frequency is
fixed at νL close to the Doppler-shifted resonance fre-
quency νc and the velocity of the ions is changed until
the varying Doppler shift of the laser frequency brings
the atomic transition into resonance with the laser light.
The atomic resonances of isotopes with masses m1 and
m2 occur at different voltages U (1) and U (2) fulfilling the
condition
νL = ν
(1)
0
m1c
2 + eU (1) ±
√
eU (1)(2m1c2 + eU (1))
m1c2
(5)
= ν
(2)
0
m2c
2 + eU (2) ±
√
eU (2)(2m2c2 + eU (2))
m2c2
with ν(2)0 = ν
(1)
0 + δν
1,2
IS , where δν
1,2
IS denotes the isotope
shift. One should remember that eU (i) refers to the beam
energy and not necessarily to the applied ion source po-
tential. We will first consider the case that the complete
acceleration voltage is measured with a miscalibrated
voltage divider. Using the approximation ν(1)0 ≈ ν
(2)
0 ,
because δν is usually small compared to ν0, we obtain
U (2) =
m2
m1
U (1). (6)
A common calibration factor in the voltage measure-
ment will cancel out on both sides. Hence, only a small
error occurs due to the slightly different resonance fre-
quencies which even in the case of beryllium with a
large isotope shift and a small mass is less than 1 MHz
for a 10−4 voltage deviation. However, it is standard in
CLS - because mass separators are used - that the total
acceleration voltage is composed of the source poten-
tial which is used to generate the fast ion beam, and a
smaller variable potential at the fluorescence detection
region used for Doppler tuning. The resulting influence
of voltage errors is much larger in this case. We first
solve the relation ν(2)0 = ν
(1)
0 + δν
1,2
IS to extract a fully
relativistic formula for the isotope shift and obtain
δν
1,2
IS =
ν0
κ
{
m2
(
eU (1) +
√
eU (1)(2m1c2 + eU (1))
)
− m1
(
eU (2) +
√
eU (1)(2m1c2 + eU (1))
)}
(7)
where κ = m1
[
m2c
2 + eU (2) +
√
eU (2)(2m2c2 + eU (2))
]
.
The effect of a calibration error in the isotope shift mea-
surement can now easily be calculated by replacing U (1)
and U (2), with voltages
U (i)′ = U (i)Source(1 + kSource) + U (i)FDR(1 + kFDR) , (8)
where i = 1, 2. The unprimed values are the real volt-
ages and the primed values are the measured voltages,
with miscalibration factors kSource for the source and
kFDR for the fluorescence detection region. In Table 1,
the results of these calculations are summarized under
the following assumptions which are typical for mea-
surements at ISOLDE but also for CLS at other facil-
ities: The ISOLDE ion source potential is assumed to
be USource = 50 kV and the laser frequency is chosen
in such a way that the resonances of two isotopes with
mass numbers A and A+ 2 occur symmetrically at post-
acceleration voltages+UFDR and −UFDR. At COLLAPS
the post-acceleration voltage UFDR can be up to ±10 kV.
For the measurement this voltage range depends on the
hyperfine structure to be scanned. For the ISOLDE mis-
calibration factor we assume kSource = 0.0001 which lies
within the specified accuracy of 10−4. We further as-
sume that UFDR is measured exactly, hence, kFDR = 0.
The resonances of both isotopes therefore appear at
measured voltages U (i)′ = 50005 V ± UFDR. With these
conditions the approximate error formula [16] for the
isotope shift becomes
∆δν1, 2IS = ν0
√
eU
2mc2
U
(1)
FDR − U
(2)
FDR
2USource
+
(m2 − m1)
m1 + m2
 kSource
(9)
We have calculated the effect for three elements that
have been recently investigated at ISOLDE. The most
crucial case is beryllium. Here, an accuracy of about
1 MHz is required to extract the nuclear charge radius
of the neutron halo isotope 11Be [23] with sufficient ac-
curacy and it is obvious that this accuracy cannot be
reached in the standard approach. For magnesium, the
voltage accuracy of 10−4 barely meets the requirements,
while in the case of copper the standard voltage divider
3
Table 1: Calculations of the influence of high-voltage calibrations on isotope shift measurements for light and medium mass nuclei. Ion masses
are used as integer numbers, the transition frequencies refer to the 2s1/2 → 2p1/2, the 3s1/2 → 3p3/2, the 3s1/2 → 3p1/2 transition in Be+,
Mg+ and Cu+, respectively. δνA,A+2IS is the complete isotope shift between the two isotopes with mass numbers A1 and A2. The differential isotope
shift ∂ν/∂U(A) was calculated according to Eq.( 10) and ∆δνA,A+2IS gives the artificial isotope shift introduced by a 10 −4 measurement error on
the acceleration voltage. The last column indicates the typically required accuracy on the isotope shift measurement to extract charge radius
information. For more details see text.
Isotope pair ν0(A) δνA,A+2IS ∂ν/∂U(A) ∆δνA,A+2IS Required accuracy
(THz) (MHZ) (MHz/V) (MHz) (MHz)
9−11Be 957.22 14240.0 31.2 29.2 1
24−26Mg 1072.08 3220 22.5 8.5 3
63−65Cu 923.01 2000 11.9 1.7 5
is sufficient. If charge radii for two or more isotopes
are available from other techniques, for example muonic
atom spectroscopy, the requirements are slightly less se-
vere. The systematic error caused by the voltage mis-
calibration behaves largely as the mass shift. Hence,
the King plot procedure used in such cases, delivers a
mass shift constant that will result in a correct field shift
evaluation. However, for the lightest nuclei even this
approach does not provide sufficient accuracy.
In summary, CLS of light elements is difficult be-
cause the ions have a large differential Doppler shift
∂ν
∂U
=
ν0
mc2
e + e
(
mc2 + eU
)
√
eU
(
2mc2 + eU
)

≈ e · ν0√
2eUmc2
(10)
and the observed resonance positions are therefore ex-
tremely sensitive to the applied voltage and thus to volt-
age fluctuations. Moreover, the mass shift in these
isotopes is huge compared to the tiny nuclear volume
effects. Nevertheless, a few techniques were devel-
oped to overcome these problems and allowed CLS of
a few, particularly interesting cases. CLS of short-lived
neon isotopes including the two-proton halo candidate
17Ne was performed using a special feature of the neon
atomic spectrum: Two fine-structure transitions in neon
starting from a common metastable level, which was
populated in charge exchange collisions, have a split-
ting that fits exactly to the opposite Doppler shifts in
collinear and anticollinear excitation at a beam energy
of about 61.8 keV if the laser frequency is set to the av-
erage transition frequency in the rest frame. This was
used in the neon measurements at COLLAPS to cali-
brate the beam energies and to obtain reliable isotope
shift values for the neon isotopes [25, 26]. In this experi-
ment, good agreement between the applied high voltage
at ISOLDE and the beam energy was found. On Li+
ions Riis and coworkers [27] used collinear and anti-
collinear saturation spectroscopy, which is not sensitive
to an exact match of the ion velocity with the optical
resonance. Such a type of spectroscopy is also used for
Ives-Stilwell tests of Special Relativity at storage rings
[28, 29]. Here, the rest frame frequency is obtained
from the observed Lamb dips using the product formula
of Eq. (4):
ν20 = νc · νa, (11)
with νa and νc being the laser frequencies at the reso-
nance position in anticollinear and collinear geometry,
respectively. This relation is independent of all applied
voltages but requires knowledge of the absolute laser
frequencies typically on the 10−9 − 10−10 scale. In
the lithium experiment [27], this was performed using
iodine reference lines and the isotope shift of the two
stable isotopes 6,7Li was extracted with good accuracy.
To avoid uncertainties of the voltage measurement and
to determine the isotope shift between 7,9,10,11Be, as
well as the absolute excitation frequencies ν0 for the
2s1/2 → 2p1/2,3/2 transitions with an accuracy better
than 2 MHz, a similar approach was used for the first
time in an on-line experiment. A detailed discussion
of the laser system and experimental setup is given in
[23, 24]. Summarized, as shown in Fig. 1, two dye
lasers were collinearly and anticollinearly overlapped
with a beryllium ion beam. For precise frequency de-
termination and stabilization one laser was locked to a
frequency comb, the second one to an iodine transition
via Doppler-free frequency modulation saturation spec-
troscopy in an iodine cell. From two second-harmonic
generation devices, UV light of 312 nm and 314 nm was
coupled through quartz windows into the collinear and
anticollinear directions of the ion beam, respectively.
The observed resonance frequencies νa and νc allowed
us to determine the absolute transition frequency ν0 in
the rest frame of the ion according to Eq. (11). The
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Figure 1: Experimental setup for collinear and anticollinear spectroscopy on fast Be+-ions at ISOLDE. Two fiber-coupled dye lasers seed second-
harmonic generator rings producing UV light at wavelengths of 312 nm and 314 nm respectively. The laser beams are superimposed collinearly and
anticollinearly with the ion beam. Scanning over a resonance is achieved by applying a small stepwise voltage UFDR to the fluorescence detection
region FDR. region FDR
isotope shift was then extracted as the difference of
the absolute transition frequencies between different
isotopes. Then the inversed process was used and from
the now known value of ν0 for 9Be and the collinear and
anticollinear signal the beam energy was determined
with an accuracy at the level of 10−5 using Eq. (4).
The relative difference between the beam energy
and the ISOLDE high-voltage readings were found
to be −2.0(2) · 10−4 for the power supplies HT1 and
6.5(4) · 10−4 for HT2, corresponding to absolute
values of −12(1.3)(3.0) V and 39.0(2.4)(3.0) V at the
maximum operation voltage of 60 kV. Here the first
uncertainty denotes the pure fitting uncertainty and the
second one the systematic uncertainty. This systematic
uncertainty accounts for the limited knowledge about
the potential at which ionization takes place in the
source. Both devices, including the high-voltage
dividers, were installed at ISOLDE in 1981 and are
in operation since then. More details will be given in
Section 3.
Since we found a clear discrepancy between the
measured ISOLDE ion source voltages and the beam
energy, we attributed this to a problem in the high
voltage readout. Therefore, a recalibration of the
ISOLDE high-voltage divider was arranged for future
CLS experiments using an independent high-precision
voltage divider.
3. The high-voltage installation at the ISOLDE fa-
cility
The on-line mass separator ISOLDE at CERN pro-
duces low-energy radioactive ion beams [30] making
use of the so called ISOL1 technique: A stack of four
synchrotrons, the Proton Synchrotron Booster (PSB),
produces a pulsed 1.4 GeV proton beam. These high-
energy protons are delivered to one of the two target
stations, inducing nuclear reactions in a thick target
to produce radioactive isotopes. The reaction prod-
ucts are ionized, e.g. via resonant laser ionization at
about 2000 ◦C [31, 32]. The targets and ion sources are
mounted on two platforms of positive electrical poten-
tial up to 60 kV. The ions are then extracted and ac-
celerated to ground potential for mass separation. For
that purpose either the General Purpose Separator GPS
or the High Resolution Separator HRS magnetic sector
separator can be used. The mass separated ion beam is
guided to the experiments.
1isotope separation on-line
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The target and ion source platform is connected to either
of two units HT1 or HT2 comprising a stabilized HV
power supply and a voltage divider for the readout of the
applied ion source potential. The high voltage circuitry
of each unit is shown in Fig. 2. Up to 2008 the accel-
eration voltage was generated by two actively regulated
ASTEC 60 kV precision power supplies. The accuracy
of both was specified to 10−4. The internal voltage sta-
bilization feedback loop is based on a ROSS voltage di-
vider 75-10-BDL, represented by resistors R7a/R7b in
Fig. 2, using a scale factor 1000:1. In order to stabilize
the devices in temperature to ±0.1 K the power supplies,
the resonant circuit and the ROSS voltage divider were
immersed in an oil bath.
A similar ROSS voltage divider at a scale factor of
10000:1, represented by resistor R8a/R8b and a high-
precision HP 3458A digital multimeter (6 1/2 digit res-
olution, which corresponds to an accuracy of 10−5) are
used to read out the stabilized target voltage to the
ISOLDE control system via GPIB. These dividers were
originally specified with an accuracy of 10−4 and a sta-
bility of 5 · 10−5 per year.
In 2009 the former ASTEC power supply of HT1 was
replaced by a self-regulated Heinzinger power supply
of the PNChp3p series. In this commercial device the
applied voltage is regulated internally and specified in
stability to 1 · 10−5 over a time period of 8 hours un-
der constant conditions and in load regulation, and for a
load step from zero to the nominal voltage, to 5 · 10−4.
For readout the ISOLDE control system uses again the
ROSS voltage divider and HP 3458A multimeter, i.e.,
resistors R8a/R8b in Fig. 2.
During proton beam impact, the ionization of the air
volume around the target gives rise to a significant leak-
age current which results in loss of charge on the effec-
tive target capacitance. This voltage breakdown could
lead to damage of the HT supply and furthermore can
significantly slow down the regulation loop, hence the
reason of blanking the high voltage by a resonant cir-
cuit [33]. The principle task of this resonance circuit is
to fully discharge the target capacitance prior to beam
impact. The schematic is included in the upper right
part of Fig. 2: The first pole of the pulse transformer
is connected to a commercial power supply (FuG Elek-
tronik, 0-15 kV), whose output voltage is a function of
the ASTEC’s output voltage, controlled by a thyratron,
which is synchronously triggered with the PSB ejection
kickers. The current supplied by the resonant circuit
discharges through the capacitance of the target. Thus,
a high-voltage pulse of up to 60 kV with opposite polar-
ity modulates the target voltage (within 30 µs) to zero,
just before the protons collide with the target. A small
FuG power supply
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Figure 2: Simplified schematic view of the high voltage circuitry at the
two ISOLDE HV units including a resonant circuit used to modulate
the high voltage applied to the target. The resistors R7a/R7b represent
the ROSS voltage divider for internal stabilization whereas R8a/R8b
(framed) represent the voltage readout UISOLDE.
resistor R2 (=250 Ω) reduces the stabilization time to
less than 10 ms after the pulse for ± 1 V from the nom-
inal voltage. At this point a voltage drop of R2·I is at
most 500 mV. The resistor R6 (=1.5 kΩ) forms a fast
coupling of the ASTEC supply to the target. Note, that
the power supply itself is running in a static mode and
that only the acceleration gap receives the modulated
voltage. The figure shows also the connection to the
high-precision Karlsruher Tritium Neutrinoexperiment
(KATRIN) dividers used for calibration.
4. The High-Precision Voltage Divider
Although small voltage differences can be mea-
sured to the highest precision, e.g. 10−12 applying the
Josephson effect [34, 35], measuring high-voltages
at precision levels below 10−4 becomes increasingly
difficult. To measure voltages larger than 10 kV with
high accuracy, voltage dividers are required to downsize
the voltages to a range accessible for a precise digital
multimeter. A high-precision voltage divider, further
denoted K1 [6], was developed for the Karlsruher
Tritium Neutrinoexperiment KATRIN [36], which is
able to determine voltages up to 35 kV in the sub-ppm
regime. The KATRIN experiment measures the mass
of the electron neutrino directly with highest sensitivity
in the sub-eV regime using a so-called MAC-E-Filter
(magnetic adiabatic collimation combined with an
electrostatic filter). Thus high luminosity and energy
resolution are combined in order to determine the
6
Table 2: Calibration parameters of the Karlsruher Tritium Neutrinoexperiment (KATRIN) dividers K1 and K2 derived at Physikalisch Technische
Bundesanstalt (PTB) [6]. A first calibration campaign at PTB demonstrated that divider K2 shows even higher stabilities of the scale factor with
respect to time, voltage and temperature, but not all investigations are finished yet, therefore the K2 calibration values are still preliminary. For
details see text.
Parameter divider K1 divider K2
Absolute scale factor K0 as of Nov 2006 (K1), Dec 2009 (K2) 3944.9597(14) 3636.2743
Long-term stability of scale factor ct := ∂K∂t ·
1
K 6 · 10−7 month−1
Temperature dependence of scale factor at T = 25 ◦C cT := ∂K∂T ·
1
K 1.7(7) · 10−7 K−1 1 · 10−7 K−1
Voltage dependence of scale factor at U = 18.6 kV cU := ∂K∂U ·
1
K −2.8(2) · 10−8 kV−1 −1.9(2) · 10−8 kV−1
Quadratic voltage dependence cUU := ∂2K∂U2 · 1K −7.5(4) · 10−10 kV−2
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Figure 4: Discrepancy between the readout of the ISOLDE high-voltage power supplies HT1 and HT2 and the voltage determined by the KATRIN
voltage dividers K1 (• up to 35 kV, 2008) and K2 (◦ up to 60 kV, 2009). Parabolic functions are fitted to the 2009 data and linear functions (dashed
line) to the 2008 data. The latter was extrapolated to 65 kV. The result of a beam energy measurement at 60 kV using collinear laser spectroscopy
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energy distribution of the electrons at the end-point
of a tritium ß-decay. The precision of this energy
measurement relyes on the ppm precision of the applied
electrostatic retarding potential.
One year later, in 2009, a second high-precision divider
K2 for the KATRIN experiment was completed to
measure high voltages up to 65 kV. Both dividers were
specified at the Physikalisch Technische Bundesanstalt
(PTB) to sub-ppm accuracy and stability. We report
here on a voltage calibration of the two ISOLDE high
voltage units HT1 and HT2 against these high-precision
voltage dividers.
Figure 3 shows a picture of the K1 divider: A cylindri-
cal stainless steel container with a diameter of 60 cm
and a height of 85 cm houses the voltage divider
setup. The case, which shields from electromagnetic
interference from outside, is flooded with N2 gas at
atmospheric pressure along the resistors for insulation
and temperature stabilization at 25 ± 0, 15 C. The
interior consists of five copper ring electrodes fixed by
polyoxymethylene rods which are concurrently used
as insulators. The heart of the voltage divider is the
primary resistor chain, which consists of 106 precision
resistors of Bulk Metal Foil technology2 with a total
2BMF is a brand of Vishay Intertechnology Inc.:www.vishay.com
resistance of 184 MΩ [6]. These resistors are arranged
in a helix structure between the copper electrodes.
Up to the forth one, each ring comprises 25 resistors.
The low voltage output is formed by the remaining
six resistors arranged in each case by three resistors in
parallel. Thus a scale factor of 3945:1 or 1972:1 can
be provided. The copper electrodes generate a constant
electric field along the primary high-precision resistor
chain. A secondary resistor chain of four high-voltage
44 MΩ resistors (Caddock MX480) connects each
pair of cooper electrodes to provide a linear potential
distribution. In order to protect the primary resistors
against transient overloads a capacitive chain, consist-
ing of four 2.5 nF capacitors (Vishay MKT1816), is
implemented between the copper electrodes. The high
voltage to be measured is fed into a sealed HV bushing
located at the top electrode.
The first version of the voltage divider setup K1 used
in 2008 and described above, was limited to voltages
up to 35 kV. The development of a further voltage
divider K2 was strained to exceed K1 in disciplines
of long-term stability and temperature stabilization
behavior. Since the electric strength has already been
increased to 65 kV (it is conceivable that potentials up
to 100 kV could be measured, since the electric strength
of the primary resistor chain is 100 kV, but the design
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Figure 3: The interior of the high-voltage divider K1 from the Karl-
sruher Tritium Neutrinoexperiment (KATRIN) experiment: 106 preci-
sion resistors with a total resistance of 184 MΩ are arranged in a helix
structure around five copper ring electrodes and connects each pair
of copper electrodes to provide a linear potential distribution over the
primary high-precision resistor chain. Each pair of copper electrodes
is connected by a high voltage resistor (blue) and capacitor (green) to
control the electrical potential over the primary resistor chain and to
protect it against overloads.
would have to be modified and tested), the K2 divider
is suitable to cover the full range of the acceleration
potential of the ions at ISOLDE. As both dividers
are identical in concept, we mention only the major
changes in the setup of K2: The copper ring electrodes
divide the setup into five (instead of four) sections,
where each section comprises 34 precision resistors of
880 kΩ. In the last, sixth level the low voltage outputs
provide divider ratios of 3636:1, 1818:1 and 100:1. The
first one is used for the calibrations reported here. The
secondary divider chain connects the copper electrodes
and comprises 5 resistors (Caddock MX480), each with
36 MΩ and a 90 kΩ resistance (Caddock MS260) in
the sixth subsection for the voltage output. The tertiary
capacitive chain consists of a series of 5 capacitors of
7.5 nF (3 capicators of 2.5 nF in parallel).
Both voltage dividers were specified at the PTB (see
Table 2). The divided voltage is measured by a FLUKE
8508A digital reference multimeter. In order to avoid
drifts within this precision voltmeter, a 10 V reference
potential was provided by a Fluke 732A reference
voltage source, that also had been calibrated at the
PTB. Before every calibration measurement, the digital
voltmeter was calibrated with this 10 V reference.
5. High-voltage measurements
The following section describes the calibration mea-
surements as well as the investigation of the transient
behavior of the power supplies. Finally, the impor-
tance of the calibration is demonstrated with a result of
collinear laser spectroscopy on stable magnesium iso-
topes.
5.1. Calibration measurements
For calibration of the high-voltage units HT1 and
HT2 the voltage readout of ISOLDE was compared to
the simultaneously measured voltage with the precision
voltage divider K1 in 2008 and K2 in 2009. Both power
supplies were switched on more than three hours be-
fore the measurement started, to make sure that thermal
equilibrium was reached. The output of the power sup-
ply was then raised stepwise from 10 kV to 35 kV (K1)
and to 60 kV (K2) and decreased again. After setting
a new voltage, the system was given a period of 7 min-
utes to thermalize, before 3 data points were taken in a
sequence of 30 seconds.
The high voltage UDIV is given by the scale factor of the
divider K times the low-voltage reading Ulv of the digi-
tal voltmeter (DVM). The latter is corrected for an offset
δUlv and a gain factor k close to 1, which is determined
by the reference voltage source.
UDIV = K · (Ulv − δUlv) · k, (12)
resulting in a voltage uncertainty of
∆UDIV
UDIV
=
√(
∆K
K
)2
+
(
∆k
k
)2
+
(
∆Ulv
Ulv
)2
≈ ∆K
K
. (13)
This simplification is allowed because the relative un-
certainties of the gain factor k of the DVM and of the
voltage reading Ulv are smaller than 10−6.
The scale factor of the divider K is derived from the
factor obtained at the calibration date K0 according to
K = K0 · (1+ ct ·δt+ cT ·δT + cU ·δU + cUU ·δU2) (14)
by considering its long-term drift ct over a time inter-
val δt after the last calibration, its temperature and its
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voltage dependence with δT being the temperature dif-
ference to the reference temperature of 25 ◦C, and δU
being the voltage difference to the reference voltage
18.6 kV (see Table 2). The terms cT · δT , cU · δU and
cuu · δU2 are smaller than 10−6, therefore these correc-
tions are neglected in our voltage measurements. Con-
trary, the long-term drift of divider K1 has been de-
termined to be ct(K1) = 6 · 10−7 month−1 (see Ta-
ble 2). Therefore the correction ct · δt is significant
(δt ≈ 24 months) and is applied to our measured values.
For divider K2 no long-term drift has been found yet
and since δt = 1 month no correction is applied. To be
conservative we assume a total long-term drift correc-
tion uncertainty of ∆(ct · δt) = 3 · 10−6 for both dividers
K1 and K2. The uncertainty of the high-voltage deter-
mination by the dividers K1 and K2 can be calculated
as
∆UDIV
UDIV
=
∆K
K
≈
√(
∆K0
K0
)2
+ (∆(ct · δt))2
= 4 · 10−6 (15)
The differences between the ISOLDE HT1 and HT2
readout and that of the KATRIN K1 and K2 dividers
are plotted in Fig. 4 as a function of the applied voltage.
Each data point is the average value of three subsequent
measurements as described above. The tiny error bars,
mostly covered by the data points, show the standard
deviation of these 3 points. Note that in 2008 the
calibration could only be carried out up to 35 kV due to
the limited operating range of the K1 divider, while the
2009 calibration was performed up to 60 kV directly
using K2. Furthermore, after the measurements in 2008
the ASTEC power supply of HT1 was replaced with the
conceptionally modern Heinzinger device.
The linear function y = ax between the voltage devia-
tion ∆U and the ISOLDE reading U is obtained from a
fit to the 2008 data (•) and is given by
∆U = −2.540(24)(40) · 10−4 · U. (16)
The first uncertainty of the slope is the pure fitting
error, while the second one denotes the systematic
uncertainty according to Eq. (15). Linear extrapolation
to an operation voltage of 60 kV thus results in a
deviation of −15.24(15)(24) V.
This deviation can be compared to the laser-
spectroscopic beam energy measurement described in
Sec. 2 that yielded a difference of −12.0(13)(30) V at
60 kV. This data point is also included in Fig. 4 ().
Note that laser spectroscopy determines the ion velocity
via the Doppler shift, which depends on the starting
potential of the ions inside the ion source. Therefore a
small offset of about 1-3 Volts (systematic uncertainty)
was expected corresponding to the potential gradient
along the electrothermically heated tube in which
ionization takes place [37]. Within this, both the laser
and the voltage divider measurements are in reasonable
agreement.
The calibration measurements in 2009 (◦) are better
reproduced with a second-order polynomial function
∆U = −2.791(23)(40) · 10−4 · U
+8.860(52) · 10−10 · U2. (17)
This yields a deviation of −13.55(16)(24) V at 60 kV.
Note that the systematic uncertainty of the second order
term in Eq. (17) is negligibly small. Since the 2009
calibration agrees in the region from 0-30 kV with the
one from 2008, it can be concluded that a second-order
polynominal calibration curve is probably also valid for
the old data and even reduces the difference between
the laser-based and the high-voltage measurement.
The ROSS voltage dividers used with the ASTEC
devices were specified in 1989 to an accuracy of
10−4 corresponding to 6 V at 60 kV. The observed
discrepancy is about twice that value which might be
ascribed to aging effects over years. The fact that both
measurements show the same deviation indicates that
the internal regulation circuits of both power supplies
are accurate.
The results of the investigation of the ISOLDE HT2
unit are shown in Fig. 4. The measurements taken in
2008 with the KATRIN K1 divider are fitted with the
linear function y = ax + b (dashed line), yielding:
∆U = +6.432(26)(40) · 10−4 · U − 0.128(68) V, (18)
which corresponds to an extrapolated voltage deviation
of +38.45(22)(24) V at the acceleration voltage of
60 kV. In this case we had to assume a linear func-
tion with a free offset to reproduce the data points.
Laser spectroscopy at 60 kV yielded a deviation of
+39.0(24)(30) V which is in excellent agreement with
the value obtained from the voltage calibration.
The calibration results in 2009 (◦) were best reproduced
by a second-order polynomial function of the form
y = a1x + a2x2 + b, yielding
∆U = −0.118(39) V + 6.51(46)(40) · 10−4 · U
+1.721(69) · 10−9 · U2 (19)
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from the ISOLDE HT2 readout.
Here, a deviation of +45.13(56)(24) V at the maximum
operation voltage of 60 kV is observed, corresponding
to a relative deviation of 8 · 10−4. As already mentioned
earlier, studies with the previous voltage divider K1
allowed measurements up to 35 kV only. Within this
limit no significant difference between a linear or
parabolic fit was found. However, the K2 calibration
measurements up to 60 kV are clearly incompatible
with a linear function and require a second-order
polynomial fit. Moreover, the 2008 and 2009 data differ
considerably even in the region between 0-35 kV which
indicates an appreciable instability of the ISOLDE HT2
high-voltage divider.
In a direct comparison applying a second-order
parabolic fit to the 2008 measurement with K1 similar
to the recent measurements with the K2 divider (2009),
one observes a discrepancy of 6.7 V at the maximum
voltage of 60 kV. This corresponds to a surprisingly
large change of 1.2 · 10−4 over an interval of 18 months
between both calibrations. Therefore, the HT2 unit,
in particular the associated ROSS divider, should not
be used for collinear laser spectroscopy before further
investigations of the day-to-day and long-term behavior
have been performed.
5.2. Voltage stability and transient behavior
For all experiments depending on the ion beam en-
ergy, for example laser spectroscopy or injection into
ion traps, the stability of the beam energy is essential.
Hence the stability was investigated in a long-term mea-
surement, using the K2 divider in 2009. Both power
supplies, HT1 and HT2, were switched on several hours
in advance and were operated at 10 kV. Then the volt-
age was increased in one step to 55 kV and recorded
as a function of time. For both units we also sim-
ulated a voltage dropout as it occasionally occurs at
ISOLDE due to sparking or a leakage current on the
target. Therefore, we switched the power supply to
”standby” and after one minute back to 55 kV.
As visible on the very left of the large graph in Fig. 5,
the Heinzinger power supply at HT1 (upper trace) re-
sponds with a large, but short overshoot after setting a
new voltage. Within 3 hours it increases by more than
14 V and asymptotically reaches a stable voltage. A
high resolution zoom shows that the power supply reg-
ulates in steps of about 200 mV to a temporary ”sta-
ble” potential. This leads us to the conclusion that the
regulation circuit of the Heinzinger power supply itself
is working well, but the voltage feedback measurement
within the Heinzinger power supply needs several hours
to thermalize or stabilize. After the short voltage drop,
induced within the indicated box, the original potential
is restored within 12 minutes. During these 12 min-
utes an initial deviation of about 1 V is slowly being
removed. This is clearly observable in the zoom shown
in Fig. 5(b).
The lower trace in Fig. 5 shows a similar long-term
measurement of the ASTEC voltage stability of the
HT2 unit. After turn-on, it starts smoother than the
Heinzinger at HT1, with a deviation of about 3 V from
the stationary voltage which is reached within 1 hour.
Similarly to the Heinzinger, the ASTEC power supply
circuit at HT2 responds to the voltage drop with an over-
shoot after reinitializing the device and takes about 11
minutes to regulate back to a maximum deviation of
about 1 V from the average output voltage. The knowl-
edge of this behavior is particularly important for laser
spectroscopy. Scans performed shortly after a voltage
drop may systematically deviate from those taken with
a well-stabilized voltage and produce additional errors
on the isotope shifts. Therefore it should be avoided to
take data within about 10 min after reinitialization of
the high voltage, otherwise systematic shifts in the res-
onance positions may occur.
5.3. Implications of the new calibration for laser spec-
troscopy measurements on magnesium isotopes
The importance of the high-voltage calibration for
collinear laser spectroscopy was demonstrated in our
recent isotope shift measurements on stable and short-
lived Mg isotopes 21−32Mg. We measured the isotope
shift in the 3s1/2 → 3p1/2,3/2 transitions in Mg+ in or-
der to investigate the rms charge radii along the isotopic
chain and thus obtain information about changes in nu-
clear structure. The stable isotopes 24Mg and 26Mg were
chosen as reference isotopes and were repeatedly mea-
sured during the beamtimes.
Resonances of 24Mg and 26Mg are presented in the
lower two traces of Fig. 6. To obtain the isotope shift,
the voltage is converted into a frequency scale and the
resonance curve is fitted with a Voigt profile. This re-
sults in an isotope shift of 3.152(2)(7) GHz. The first
uncertainty denotes the statistical and the second one
the systematic uncertainty caused by the uncertainty of
the start potential inside the ionizer tube of about 3 Volt.
This 24.26Mg isotope shift was recently measured with
high accuracy in an ion trap [38], and the reported re-
sult of 3.084905(93) GHz deviates from our measure-
ment by 68 MHz.
If we account for the new HV calibration, the two res-
onance positions are shifted in voltage as shown in the
upper two traces of Fig. 6. The crucial point is that this
11
shift is slightly different for the two isotopes and the
value for the isotope shift changes to 3.076(2)(7) GHz
which is much closer to the trap measurement. The
exit of the hot ionizer tube is at the ISOLDE potential
[37] and the polarity for heating the tube is assumed to
be such that the exit of the tube is more negative as it
seems natural for the extraction of positive ions. Then
the ion beam energy should be higher than given by the
ISOLDE voltage, which shifts the IS value even closer
to the trap results.
This demonstrates the need of a precise voltage mea-
surement and validates the recalibration efforts per-
formed at ISOLDE. Particularly for the spectroscopy on
light elements a relative calibration accuracy of the or-
der of 10−5 is required.
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Figure 6: Deviation of first isotope shift measurements on 24−26Mg at
COLLAPS from the literature value with (upper traces) and without
(lower traces) including the recent voltage calibration.
6. Summary
We have calibrated the high-voltage dividers, used for
measuring the acceleration voltage of ISOLDE, against
the KATRIN high-precision dividers and found devia-
tions of 2 ·10−4 and 6 ·10−4 for the two devices that have
been in operation for more than 20 years. The calibra-
tions are in accordance with laser spectroscopic mea-
surements of the ion beam energy using Be+ isotopes
and a frequency comb for optical frequency measure-
ments. Two calibrations within about 18 months have
demonstrated that currently only the unit HT1 fulfills
the requirements for collinear laser spectroscopy. For
HT2 further investigations of the day-to-day and long-
term behavior are required before it can be used again
for collinear laser spectroscopy.
Applying the new calibration for laser spectroscopic
isotope shift measurements of Mg resolved discrepan-
cies initially observed between collinear measurements
and recent experiments on laser-cooled ions in a Paul
trap.
Experiments using collinear laser spectroscopy similar
to those at COLLAPS/ISOLDE are currently being pre-
pared for example at the TRIGA-reactor in Mainz [39],
which is a prototype for the LaSpec laser experiment
[40, 41] at FAIR, or the BECOLA experiment [42] at
NSCL/MSU and later FRIB. At all these places the in-
stallation of a good voltage divider is foreseen in order
to ensure an accurate knowledge of the ion beam energy
and to reach the desired precision for laser spectroscopy
on short-lived radioactive isotopes.
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